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4. Methods 

This study includes results from eight production wells, including two horizontal wells 

located about 100 m above the valley floor, 22 monitoring wells, and five stream 

sampling sites ( ). Samples for DIC were passed through a 0.45 um filter and 

stored in 40 mL dark glass vials with no headspace.  The DIC samples were kept cold in 

the field and stored in a refrigerator until analysis.  Tritium samples were collected in 1 L 

glass containers with plastic caps.  Dissolved gas samples were collected using clear 

Tygon tubing to connect the sample vessel (8 mm inner diameter copper tubing, 250 mm 

long) to the wellhead of operating production wells or monitoring wells pumped by a 

Grundfos submersible pump.  Water flowed for several minutes to purge air bubbles.  

The copper tubing was tapped lightly to dislodge bubbles and a visual inspection for 

bubbles was made.  Steel clamps pinched the copper tubing flat in two locations to secure 

the water sample.   

 

All analyses were performed at Lawrence Livermore National Laboratory (LLNL).  

Dissolved inorganic carbon (DIC) and its carbon isotope composition were determined 



using the automated DIC-DOC-IRMS technique [St-Jean, 2003] consisting of an OI 

Analytical Model 1030 Carbon analyzer and a Micromass (now Isoprime Ltd) IsoPrime 

isotope ratio mass spectrometer. Carbon isotope compositions (
13

C/
12

C) are reported as 

delta values in per mil relative to the Vienna Peedee Belemnite (VPDB) reference, with 

an analytical uncertainty of ± 0.3‰.  Copper tube samples were mounted on a multi-port 

gas handling manifold under vacuum.  Reactive gases were removed with multiple 

reactive metal getters.  Known quantities of isotopically enriched 
22

Ne, 
86

Kr and 
136

Xe 

were added to provide internal standards.  The isotope dilution protocol used for 

measuring noble gas concentrations is insensitive to potential isotopic composition 

variation in dissolved gases (especially Ne) due to diffusive gas exchange.  Noble gases 

were separated from one another using cryogenic adsorption.  Helium was analyzed using 

a VG-5400 noble gas mass spectrometer.  Other noble gas isotopic compositions were 

measured using a quadrupole mass spectrometer.  The Ar abundance was determined by 

measuring the total noble gas sample pressure using a high-sensitivity capacitive 

manometer.  The procedure was calibrated using water samples equilibrated with the 

atmosphere at a known temperature and air standards spiked with known quantities of the 

noble gases.  Tritium concentrations were determined on 500 g sub-samples by the 
3
He 

in-growth method (approximately 25 day accumulation time).  Analytical uncertainties 

are approximately 1% for 
3
He/

4
He, 2% for He, Ne, and Ar, and 3% for Kr and Xe. A 

detailed description of the data reduction routine is reported in Ekwurzel . 
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Figure 1.  Topographic map (A) of the study area, and (B) locations of the wells and 

faults discussed in the text.  The outline of the alluvial aquifer is shown as a dotted line 

after [Hydrometrics-LLC, 2007].  Stream sampling sites as labeled in Table 2 are 1) 

Shirley Canyon, 2)South Fork, 3)Confluence, 4)Trapezoid, and 5)Squaw Creek Rd 

Bridge. 



Figure 2.  Observed ranges in excess air, expressed as Ne, for samples from Olympic 

Valley (categorized by well type), samples from the alpine watershed Handcart Gulch, 

and a large number of samples from around California sampled under the GAMA 

program. 



Figure 3.  Noble gas recharge temperatures and apparent groundwater ages shown with 

mean annual air temperature (A, B), quarterly air temperature (B), and average monthly 

air temperature (C) at the NASA/GISS station at Tahoe City, CA.  The range (shaded) 

and average (horizontal line) of recharge temperatures, along with the typical snowmelt 

season are shown on C. 



Figure 4.  Tritium concentrations measured in precipitation at two locations where long 

IAEA GNIP records exist, along with an exponential curve that approximates mean 

annual values from western North America.  Results for Olympic Valley well samples are 

plotted according to the calculated apparent tritium helium age (recharge year) and the 

measured tritium + tritiogenic 
3
He (initial 

3
H).  Points that fall well below the curve 

contain a significant component of pre-modern water. 



Figure 5.  A plot of the ratio of Ne/He (measured concentration minus amount due to 

excess air) versus the measured 
3
He/

4
He ratio.  Samples in Group 1 with very young ages 

are close to solubility values; significant amounts of tritiogenic 
3
He bring  some samples 

above the solubility ratio of 1.364x10
-6

.  Group 2 samples are affected by crustal He, 

which results in a decrease in Ne/He and by tritiogenic 
3
He.  Group 3 samples are 

affected by magmatic He. Orange triangle represents air saturated water at 8ºC. 



Figure 6.  Schematic cross section through Olympic Valley running along Squaw Creek, 

showing the approximate locations of the major faults and the depth to bedrock as based 

on well logs [West-Yost&Associates, 2005] by seismic profiling [Gasch&Associates, 

1973].  Solid vertical lines represent screened intervals for wells on or close to the cross 

section, with labels indicating the mean apparent tritium-helium groundwater age.  

Vertical exaggeration is 10X. 



Figure 7.  Histogram of apparent groundwater ages.  Average apparent ages are plotted 

for wells that were sampled more than once.  



Figure 8.  Stable carbon isotope compositions (
13

C-DIC) and inverse concentration of 

dissolved inorganic carbon for wells, a spring, and creek water in the Olympic Valley 

study area.  Mixing lines are plotted between two potential end members for groundwater 

recharge through soils, a magmatic water end member, and a stream end member.   
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